Abstract-Interferometry of plasma opening switch (POS) plasmas on the Hawk generator has shown many important features of the plasma evolution during conduction and opening. Opening occurs when a low-density region forms at a radial location determined by plasma redistribution during the conduction phase, consistent with J 2 B forces and the measured plasma distributions produced by the sources alone. High neutral densities have been detected in the POS region during conduction. Lowdensity plasma appears between the POS and the load at the time current appears in the load, and high-density plasmas appear there later in time. There are two important differences between the density evolution of POS's utilizing flashboard and cablegun plasma sources. 1) There is a substantial (two-three times) increase in the electron inventory during conduction using cable guns that is not detected using flashboards. This is attributed, primarily, to ionization of ions and neutrals for the cable-gun case.
I. INTRODUCTION
T HE use of a plasma opening switch (POS) as a pulse compression technique for pulsed power generators has been demonstrated at several laboratories [1] . In particular, a POS with a conduction time approaching 1 s can be used in a simple circuit comprising a Marx bank, vacuum insulator, coaxial vacuum line, POS, and load to form a compact, inexpensive, high-power generator. This approach can be scaled, in principle, to higher power and energy than alternative techniques, such as capacitive generators utilizing water lines and high-voltage insulators. Prototypical inductivestore pulsed-power generators include ACE4 [2] at Maxwell Laboratories and GIT16 [3] at the Institute of High Current Electronics.
To improve the basic understanding of POS phenomena at microsecond conduction times, POS research has been performed on the Hawk [4] generator at the Naval Research Laboratory. Hawk consists of four eight-stage Marx banks that are discharged in parallel. At the standard charge voltage of 80 kV, the Marx banks store a total energy of 220 kJ and the output voltage is 640 kV. The current into a short circuit at the POS location is a sine wave with a quarter period of s and an amplitude of 720 kA.
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The POS consists of a plasma injected between the coaxial conductors prior to the onset of the generator current, with the appropriate plasma density, mass, and spatial distribution so that the current is conducted through the plasma as a short circuit during the rise time of the current (the "conduction time"). During the conduction time, the plasma dynamics are a complicated combination of magnetohydrodynamic (MHD) displacement [5] , [6] and electron-magnetohydrodynamic (EMH) effects [7] , [8] , that alter the current distribution through the plasma. At the end of the conduction time, the current is rapidly switched to the load, with an "opening time" that is much smaller than the conduction time. This time compression of the pulse is associated with voltage and power multiplication when an appropriate impedance load is used [9] , [1] . The opening is thought to be associated with gap formation in the injected plasma by ion erosion [10] and magnetic pressure [5] , [11] effects, where high-voltage electrons can be magnetically insulated.
Much of the present knowledge of POS plasma dynamics in the microsecond conduction time regime has been obtained or supported by interferometric measurements. The first reported measurements of the plasma dynamics in a POS [12] demonstrated that, during conduction, the plasma becomes rarefied at a particular radial location where opening (gap formation) could then occur. Based on density measurements, the conduction current and conduction time were shown [6] , [13] to scale with the injected plasma density as predicted by an MHD model. A density shock propagating through a POS plasma has been reported as evidence of EMH effects during the conduction phase [14] . Interferometric measurements of POS plasma dynamics for the higher energy generators ACE4 [15] and GIT8 [16] , [17] also have been performed successfully.
This paper presents results of interferometric measurements on the Hawk generator using two complementary techniques. The first technique utilizes an He-Ne laser (633 nm) and an acoustooptic modulator for heterodyne phase detection [18] . The second technique uses a differential detection scheme coupled with a sophisticated vibration isolation system. In addition, two lasers at different wavelengths, 532 and 1064 nm, are used to discriminate phase shifts from free (plasma) and bound (neutral and ion) electrons [19] . There are advantages and disadvantages to both techniques. The heterodyne technique is simpler, insensitive to the initial phase, and able to track the phase shift through many cycles. The phase sensitivity is limited to about and the modulation frequency determines the upper limit for the time response, about 20 ns. The high-sensitivity technique has 100 times greater phase U.S. Government work not protected by U.S. copyright. sensitivity and 3 ns rise time, but has a practical limitation that the optics must be vibrationally isolated from the pulsed power generator, and the technique is awkward for phase shifts greater than about 150 Results from measurements using both techniques are presented in the following sections that describe differences between POS's using different plasma sources and plasma detected in the POS-load region.
II. COMPARISON OF FLASHBOARD AND CABLE-GUN POS's
The POS configurations used on Hawk are depicted in Fig. 1 . The center conductor radius used in these experiments is cm. The distance between the center conductor and the anode rods in the POS region is cm. Plasma is injected using either 9 or 18 flashboards [20] (shown at the top in Fig. 1 ) or 12 cable guns [21] (shown at the bottom in Fig. 1 ) through an 8 cm long aperture in the outer conductor connected in the axial direction using 12 rods of 6 mm diameter. Each source generates plasma by a surface flashover on a dielectric substrate. The flashboard substrate is polyamide (C H N O ), while the cable-gun substrate is TFE (C F ). In addition, the flashboard gaps are coated with carbon prior to their use in the experiment. The flashboards and cable guns are located 12.5 and 9 cm, respectively, from the center conductor surface. Each source is powered by a 25 kV, 0.6 F capacitor that drives about 30 kA through the source in a quarter period of 0.6 s. The plasma produced by the flashboards has a higher directed velocity (up to 30 cm/ s) than the cable guns (up to 3 cm/ s). The load used in these experiments is a short circuit, located 26 cm from the center of the plasma injection region This load prevents the generation of high voltages that could introduce noise in the interferometer measurements, and allows multiple shots to be taken without opening the vacuum chamber.
The He-Ne heterodyne technique is used to measure the plasma density by integrating along an axial line-of-sight as indicated Fig. 1 . (This technique allows mirrors mounted inside the vacuum chamber.) Measurements for the flashboard POS have been published previously [12] , [22] , and are shown in Fig. 2 for comparison with cable-gun POS data. For a single shot, the line-integrated electron density is measured as a function of time at a single radial location, with a radial resolution of 2 mm. The line-integrated density has been divided by 8 cm (the length of the injection aperture) to obtain the average densities plotted in Fig. 2 . The data in Fig. 2 are for three shots, with the laser located at three different radial locations: Fig. 2 [ Fig 2(b) ]. At the other radial locations [ Fig. 2(a) and (c) ], the density is relatively high during the time current rises in the load. Evidently, plasma is displaced radially, and a gap forms rapidly in the plasma at cm, allowing current to be transferred from the POS to the load [12] , [4] . About 400 ns after opening, the density increases to levels much greater than the flashboard-only value, evidence that plasmas generated at the electrode surfaces drift into the region between the coaxial conductors, eventually reconnecting the anode and cathode with high-density plasma.
The flashboard POS was diagnosed using the interferometer for various conditions, varying the conduction time (by varying the plasma injection timing), plasma length, center conductor radius, and Marx charge voltage (to vary
The conduction scaling was shown to follow a simple MHD model, where conduction ends and opening begins after the plasma center-of-mass at the critical radial location is translated half of the initial switch length [6] , [13] . The critical radial location depends on the time-dependent plasma radial distribution, and is found by analyzing the plasma axial displacement as a function of radius to find where this condition occurs first. The Hawk flashboard POS was found to match this scaling over a broad range of parameters assuming that the plasma composition had a mass of where is the proton mass and Z is the ion charge state.
Corresponding data for the cable-gun POS are plotted in Fig. 3 . Here, 12 cable guns are used, and Hawk is charged to 80 kV. The conduction time (900 ns) is similar to the flashboard POS case shown in Fig. 2 . In order to obtain the same conduction time, the plasma delay (time between firing the POS plasma drivers and Hawk) was increased from 1.5 s for the flashboards to 3.7 s for the cable guns. During the conduction phase, the average electron density in the cablegun POS increases at all radial locations over the gun-only case, becoming two-three times greater just prior to opening. This is attributed to further ionization of material injected from the guns. This is different from the flashboard POS case, where the electron density is similar to the flashboard-only data prior to opening, except close to the center conductor where plasma stagnates and electrode plasmas can form during the conduction phase.
The MHD conduction scaling, applied to the cable-gun POS, implies a higher mass species with 10-14. This is consistent with the differences in composition of the plasma source substrates. In addition, the flashboards generate more highly ionized species, such as C (ionization potential of 47.9 eV), which do not ionize further during the conduction phase, while for the cable guns, the plasma is probably composed initially of singly ionized C and F (ionization potential of 24.4 and 35 eV, respectively) that, after ionization by the current, become singly and doubly ionized to explain the electron density increase and the average value. The cable-gun POS opens at a different radial location from the flashboard POS. For the example in Fig. 3 , the lowest density at the time that current begins to flow in the load is at the location closest to the center conductor 0.3 cm, for which data are shown in Fig. 3(a) . The densities at the other radii [ Fig. 3(b) and (c)] are relatively large during opening. The gap may form at a radial location closer to the center conductor than was accessed by the interferometer for this case.
The difference in the radial location at which the gap occurs can be correlated to the difference in the initial, radial density distribution. The radial density distributions for flashboards and cable guns are plotted at the time the current begins to rise in the load in Fig. 4 . The plasma densities measured by firing the plasma sources alone are shown at the corresponding time, and at the time corresponding to the onset of the generator current The plots show how the density is redistributed during the conduction phase, and how these redistributions are different for the flashboard [ Fig. 4(a) ] and cable-gun [ Fig. 4(b) current which varies with radius as The flashboard-only plasma distributions at and 900 ns show that the density is maximum at the center conductor because of secondary plasmas that form when the high-velocity plasma interacts with the electrode surface. At the density decreases over the first centimeter away from the center conductor surface, then is relatively constant from 1 to 2 cm from the center conductor. The maximum is therefore 1 cm from the center conductor, close to the minimum density location at the time of opening. The actual location of opening requires a more sophisticated calculation based on the plasma inflow and selfconsistent motion of the plasma. Such a calculation [12] , using the Anthem [23] two-fluid code, predicts the plasma dynamics for the flashboard POS diagnosed here. A less sophisticated, yet instructive, snowplow model that follows the snowplow front in as a function of time, and using the measured line-integrated densities, is also in good agreement with the experiments [24] .
For the cable-gun plasma, the density is approximately constant with radius at so the maximum point is near the center conductor, in agreement with the radial location of the observed low-density location. The ionization during conduction introduces a complication for modeling that is presently being addressed. For both the flashboard and cable-gun POS's, a low-density region forms at the end of the conduction phase where gap formation can occur. The radial location of this low-density region depends on the initial density distribution, the ionization processes during conduction, and the influx of plasma from the sources and the electrode surfaces.
III. CHORDAL INTERFEROMETRY OF THE FLASHBOARD POS
The high-sensitivity, two-color interferometer cannot be used at present to diagnose POS plasmas along the axial lines-of-sight described in the preceding section because the interferometer requires the optics to be free standing with respect to the vacuum chamber. This technique is suitable, however, for chordal lines-of-sight through the plasma, allowing axial resolution of the plasma dynamics.
A chordal line of sight through the axial center of the flashboard POS is illustrated in Fig. 5(a) . For these measurements, only nine of the 18 flashboards were used to leave space for metal tubes that shield the laser beams from plasma outside the outer conductor rods in the POS region, and the radial gap between the center conductor and the return current rods in the POS region was increased from 2 to 3.5 cm. The electron and "neutral" densities measured for a shot are plotted in Fig. 6 . The plot shows the line-integrated densities divided by the path length through the plasma (16.4 cm). The electron density measured during the shot follows the flashboard-only density for 300 ns, then rises above, and later falls below This is attributed to a high-density, snowplow-like perturbation passing through the chordal line-of-sight. This line-of-sight samples a range of radii; therefore, the region of negligible density 1.5 cm from the center conductor that was observed with the axial line-ofsight is obscured by the higher density regions at larger radii. The chordal line-of-sight has been utilized with the heterodyne technique at several axial locations in the POS, showing that the perturbation propagates from the generator to the load side of the plasma, in close synchrony with the magnetic field [22] .
The new information obtained using the two-color technique is the "neutral" density that appears in the POS region during conduction. The "neutral" density is calculated assuming a wavelength-independent, positive differential index of refraction. Here, the index of refraction for carbon atoms in the ground state is used. The calculated neutral density has a relatively large uncertainty for four reasons: 1) the actual species is not known, and there is a factor-of-several variation in the indexes of refraction for the materials expected here; 2) any metallic atoms (e.g., from electrodes) would have a much larger, and wavelength-dependent index of refraction; 3) if there is a finite population of any excited states that happen to have transitions near resonance with the laser line(s), the differential index of refraction can be large and of either sign; and 4) since the phase shift is dominated by plasma electrons, the neutral phase shift is essentially the difference between two large numbers, resulting in a relatively large uncertainty. The neutral density plotted in Fig. 6 indicates that a large neutral density appears in the line-of-sight during the conduction phase, rising at about the same time that the perturbation occurs in the electron density. It is not known how the neutral density is distributed along the line-of-sight. (The above uncertainties may explain the unphysical negative neutral densities at 300-450 ns.) The high density of Another important location for the chordal line-of-sight is in the region between the POS and the load. Plasmas in this region can affect power coupling to a load, both by decreasing the effective inductance between the POS and load and reducing the net electron space charge resulting in a high degree of vacuum flow (a positive effect), and by shunting current from the load (a negative effect) [25] , [26] . Previously, density measurements have been made in this region on Hawk using the heterodyne technique [22] . These measurements are compared here with similar measurements using the higher sensitivity two-color interferometer. A chordal line of sight at cm is illustrated in Fig. 5(b) . An example comparing the two techniques is shown in Fig. 7 . Here, nine flashboards were used and Hawk was charged to 80 kV. Using the less sensitive technique, the density rises later than the load current, indicating that high-density plasma (that is, density comparable to that during conduction in the POS) is not convected to the load prior to switching, supporting the gap formation model. At later times, more than 300 ns after opening, high densities are detected in this region.
The high-sensitivity technique can measure densities about 100 times smaller. The trace labeled in Fig. 7 shows that a measurable density reaches the cm location at about the same time that current starts to rise in the load. The magnitude and time dependence of the downstream plasma density depend on the conduction time, as shown for three different shots in Fig. 8 . For the smallest conduction time, the density at cm is smallest, and is delayed with respect to the load current by the largest amount compared with the other conduction times. For the greatest conduction time, the density at cm is greatest, and rises almost simultaneously with the load current. The densities at this location increase with conduction time, consistent with the increased density in the POS region required for conduction. This leads to the hypothesis that a fraction of the plasma from the POS has translated downstream during the conduction phase. For all three shots, the densities are orders of magnitude smaller than the density during conduction in the POS region for the typical time of interest 100 ns) for driving a load. However, densities in the 10 -10 cm range can have a dramatic effect on the power flow. Understanding the dynamics of the downstream plasmas and either exploiting or eliminating them are important areas for further research.
IV. CONCLUSIONS
Interferometry has proven to be a powerful tool for diagnosing plasma dynamics in microsecond conduction time POS's. Two different techniques have been employed on Hawk, depending on the required line-of-sight, time response, sensitivity, and the need to discriminate phase shifts from plasma electrons and neutrals. Flashboard and cable-gun POS's have dramatically different plasma dynamics during conduction and opening. The cable-gun plasma is further ionized by a factor of 2-3 during conduction, in contrast to the flashboard plasma for which the initial ionization remains relatively constant. Opening occurs at different radial locations for the two POS's, consistent with differences in the initial density distributions, as expected from the MHD picture of conduction. Chordal interferometry in the POS region shows evidence of a snowplow-like perturbation traveling through the plasma in the axial direction, and at the same time, a high "neutral" density is detected. Between the POS and load, chordal interferometry indicates small densities at about the same time that current begins to flow in the load. These downstream densities increase as the POS conduction time increases, indicating that this plasma is ejected from the orders-of-magnitude higher density plasma in the POS region.
In the future, interferometry on Hawk will diagnose the plasma dynamics in a POS with parallel plate conductors, where the chordal line-of-sight samples a single "radius," avoiding this ambiguity for the coaxial POS. The heterodyne He-Ne technique will be used to sample many locations simultaneously. The high-sensitivity, two-color technique will be used to diagnose the smaller downstream densities and possibly examine the gap region in the POS with high resolution. These data will supplement the information presented here for the coaxial POS, and provide the information required for a critical comparison with theoretical models of POS dynamics and opening.
